I. INTRODUCTION he wireless communication systems have experienced a rapid growth in recent years. Increasing demand of portability of these systems also brings size restrictions for the device. It also inflicts size limitation on the integrated antenna making low profile, miniature but efficient antenna a basic requirement for these applications [1] . Moreover, provision of multiple technologies including GSM, LTE, 4G/5G, Wi-Fi, GPS, etc. necessitates multiple antennas. It results in increased size of the device. Single antenna operating at different frequencies appeared to be an efficient method to overcome this problem. In order to achieve this, multiband antennas were introduced [1] - [2] .
Microstrip patch antennas offer benefits of low complexity, cost effectiveness, high flexibility, lightweight and small size [3] . They also have advantages of ease of design, fabrication and integration to the overall system. They come in different types and have varying structures but most of the geometries are variations of basic rectangular, circular and triangular patch design [3] . These features make the microstrip patch antennas a popular choice for portable devices requiring a single multiband antenna [4] .
Various techniques were used to design a multiband antenna that can operate at different frequency bands. These techniques include thickening of patch, adding slots in ground plane and using shorting pins [5] . A planar dual-band monopole antenna has been proposed in [6] . Two frequency bands at 2.4 GHz and 3.4 GHz are generated for WiMAX applications using radiator of antenna, which is a short stem between two branches. The antenna is tunable and frequency tuning is obtained by applying reverse bias voltage across a varactor. The varactor is placed between the stem and one branch of the radiating patches. The biasing circuit consists of two radio frequency choke resistors and an L-shaped stub.
A planar multiband dipole antenna having multiframe Lslot loaded with a single microstrip linehas been discussed in [7] . The multiband operation at five wireless wide area network frequencies is achieved by forming LC resonators through a multiframe L-slot on a host dipole. The dipole is also loaded with a single microstrip line to generate a couple of shunts and series of capacitive gaps with an inductive strip.
Cho et al. have proposed a multiband antenna composed of a U-shaped loop, an inserted open-end T-shaped slot, and fed by microstrip coupling. The antenna uses three types of resonant modes including loop mode, slot mode, and monopole mode. The antenna operates at GSM800, DCS, PCS, UMTS and LTE bands [8] .
A multiband printed planar inverted-F antenna for GSM900/1800 operation has been proposed in [9] . The antenna uses its one-eighth-wavelength mode as the fundamental resonant mode. The antenna comprises of two radiating strips of and is fed using a coupling feed.
A metamaterial-loaded rectangular monopole antenna design for WLAN and WiMAX applications has been studied by He et al. [10] . The monopole resonates at 5.2 GHz. Etching of an inverted-L slot produces a second resonance at 4.1 GHz while the addition of the metamaterial reactive loading has created a third resonance at 2.4 GHz band.
The design of a multiband patch antenna loaded with complementary split-ring resonators and reactive impedance surface is presented in [11] . The complementary split-ring resonators are incorporated on the patch as a shunt LC resonator and provide the low resonance frequency. Using the two-dimensional metallic patches that are printed on a metalgrounded substrate makes the reactive impedance surface.
A triple-band bow-tie monopole antenna fed through a coplanar waveguide has been proposed by Ming et al. [12] . The design uses multiple bent monopoles generated by etching slots of different lengths in a bow-tie patch for WLAN/WiMAX/LTE operation.
T 978-1-5090-0267-2/16/$31.00 ©2016 IEEEFalade et al. have proposed a circular polarised antenna for multiband GPS receivers using multistacked patch approach [13] . The three stacked patches with a slit and symmetry I-slot are fed through a single coaxial probe. The antenna operates at L1 (1.575 GHz), L2 (1.227 GHz) and L5 (1.176 GHz) frequency bands with a minimum axial ratio of 0.51 dB. Combination of a microstrip patch, two rings and a slot fed through an offset coaxial probe is used in [14] to realise a multiband antenna. The antenna covers GPS, 4G/LTE/CDMA, and Wi-Fi frequency bands.
A quad-band antenna design for GPS, WiMAX and WLAN applications has been studied in [15] . The antenna consists of rectangular slot, a feeding patch that is T-shaped, a stub that is inverted T-shaped and two E-shaped stubs. Two resonance bands are produced by the harmonics of the T-shaped feed patch while the other two harmonic frequencies are tuned independently by using double-folded stub in the feed patch.
Though successfully achieving a multiband operation, most of the discussed techniques here have demerits of complex design, low gain and low efficiency. It necessitates further research and optimum multiband antenna solutions. In this paper, design of a novel multiband antenna is proposed. The proposed antenna offers penta-band operation with miniaturised dimensions as compared to the design discussed in [Cao] . The antenna consists of a rectangular slot, a Tshaped feed patch, an inverted T-shaped stub, an I-shaped stub and two E-shaped stubs. It operates at five frequency bands covering 1. Following the introduction in Section I, the paper is organised in three sections. Section II presents the structural details of the antenna. Section III discusses the results and presents detailed analysis of the antenna operation. Conclusions are drawn in Section IV. The antenna consists of a rectangular slot having dimensions L1×W1= 48×18 mm 2 . The rectangular slot has four stubs. One Inverted T-shaped stub is present on the upper side of the slot. Two E-shaped stubs are present on both sides of the slot. One more I shaped stub is present on bottom of the rectangular slot. The E-shaped stubs are extended on both sides and double folded to get additional resonance frequency. The patch is fed by a 50 ohm microstrip feed line etched on the lower side of the substrate. It is T-shaped with a width of W f =1.76 mm to achieve an impedance of 50 ohms. Steps are used on both sides of the feed line to improve the impedance matching. The substrate has a relative permittivity of 3.5 and a thickness of 0.8 mm. The loss tangent is at 0.004. The dimensions of the proposed multiband antenna are summarised in Table 1 while the geometrical structure is shown in Fig. 1 . The antenna can generate five resonant frequencies at 1.5 GHz, 2.2 GHz, 3.1 GHz, 4.2 GHz and 5.3 GHz. These frequencies cover different wireless standards including LTE/4G/5G, WiBro/WiMax, Satcomm and WLAN. The rectangular slot and inverted T-shaped stub together generate the first frequency of 1.5 GHz. The two E-shaped stubs etched in the rectangular slot act like a monopole and generate resonance at 2.2 GHz. The third frequency of 3.1 GHz is generated by the T-shaped feeding patch and inverted Tshaped stub etched in the rectangular slot. The extended Eshaped stub and I-shaped stub together produces the fourth resonance at 4.2 GHz. The T-shaped feeding patch at its own generates the fifth resonance frequency at 5.3 GHz.
II. ANTENNA DESIGN

III. RESULTS AND ANALYSIS
The performance of the proposed antenna is analysed in terms of its S 11 response, radiation patterns, efficiency and gain.
A. S 11 Response Fig. 2 shows the S 11 response of the proposed antenna. The antenna is resonating at five frequencies including f 1 =1.5 GHz, f 2 = 2.2 GHz, f 3 =3.1 GHz, f 4 = 4.2 GHz and f 5 = 5.3 GHz. A very good impedance match is being observed at the five operating frequencies. For 1.5 GHz band, the S 11 is noted to be -20.46 dB with a -10 dB impedance bandwidth of 68.2 MHz (from 1.42 GHz to 1.49 GHz). For the second resonance at 2.2 GHz, S 11 is observed to be -29.49 dB. The -10 dB impedance bandwidth of 99.7 MHz covers frequencies from 2.16 GHz to 2.26 GHz. At f 3 =3.1 GHz, S 11 is -11.82 dB and the antenna covers frequencies from 3.03 GHz to 3.23 GHz having a bandwidth of 197.8 MHz. At f 4 =4.2 GHz, S 11 is -11.44 dB while the antenna operates between the frequencies of 3.98 GHz and 4.37 GHz for -10 dB impedance bandwidth of 389.9 MHz. The antenna exhibits a S 11 of -25.21 dB at the fifth resonance frequency of f 5 =5.3 GHz. The -10 dB impedance bandwidth is 135.61 MHz covering a range from 5.33 GHz to 5.46 GHz. 
B. Radiation Characteristics
The radiation characteristics of the antenna are analysed in terms of 3-D simulated radiation patterns at the five operating frequencies. Fig. 3 illustrates the observed 3-D radiation patterns at the five resonance frequencies. The 3-D radiation patterns show that at the four lower frequencies, the direction of radiation is perpendicular to the plane of antenna. At these frequencies, the antenna exhibits a nearly omnidirectional radiation pattern in the x-y plane while in the x-z plane, the antenna has a dumbbell-shaped radiation pattern. At f 5 =5.3 GHz, the direction of radiation is 45 degrees to the plane of antenna on both sides. The 3 dB angular width is 88.2, 85.8, 74, 44 and 33 degrees at the five frequencies, respectively.
C. Efficiency and Gain
The simulated radiation efficiencies of the proposed antenna at the five operating bands are shown in Fig. 4 . The antenna has good efficiency profile having a minimum efficiency value of 81% at frequency 1.5 GHz and maximum value of 95% at frequency 2.2 GHz. At f 3 = 3.1 GHz, the antenna exhibits an efficiency of 87% while at f 4 = 4.2 GHz, it is 95%. At f 5 = 5.3 GHz, the efficiency value is noted to be 92%.
The simulated gain of the antenna is illustrated in Fig. 5 . The gain values are observed to be 3.5 dBi at 1.5 GHz, 3.9 dBi at 2.2 GHz, 5.1 dBi at 3.1 GHz, 5.7 dBi at 4.2 GHz and 4.7 dBi at 5.3 GHz. These values show that this antenna also presents an excellent gain profile at all the operational frequencies. 
IV. CONCLUSION AND FUTURE WORK
A novel multiband antenna has been designed, analysed, and discussed. The proposed multiband antenna can resonate at five frequencies in the range from 1 GHz to 6 GHz to support LTE/4G/5G, WiBro/WiMax, Satcomm and WLAN operation at 1.5 GHz, 2.2 GHz, 3.1 GHz, 4.2 GHz and 5.3
GHz. It offers good radiation characteristics with high gain and efficiency values. The antenna radiates perpendicular to the plane of antenna with good half power beamwidths. The antenna has exhibited good directivity and gain values at the covered frequencies with a maximum gain of 5.65 dBi at 5.576 GHz. A good impedance matching and acceptable impedance bandwidth has been observed. These along with a small size make the antenna a very suitable candidate for the portable wireless applications. Its small size also makes it a potential candidate for body-centric wireless communications.
